ABSTRACT
INTRODUCTION
Skeletal muscle contraction leads to large increases in blood flow to the active muscle through dilation of resistance arteries and arterioles (32) . However, the mechanisms underlying this active or functional hyperemia remain poorly understood. Potassium ions released from active skeletal muscle have been implicated in this functional hyperemia for over 60 years (10, 34) . Numerous studies have shown that elevated extracellular concentration of K + ([K + ] o ) can cause vasodilation and that the K + released from skeletal muscle fibers during the repolarization phase of muscle action potentials can accumulate in the interstitial space at concentrations sufficient to cause vasodilation (10, 18, 30, 34) . Nonetheless, the cellular mechanisms by which the vascular smooth muscle cells in the walls of skeletal muscle arterioles relax to cause vasodilation in response to elevated [ (10, 16, 35) . Recent in vivo studies of rat cremaster muscle microcirculation support this hypothesis (20) . In contrast, Loeb et al. (19) suggested that K + -induced dilation in the same tissue involves activation of inward rectifier K + [K IR ] channels. This latter hypothesis is supported by a number of recent in vitro studies, performed in small cerebral (17, 27, 28, 39) and coronary (17, 31) arteries. The purpose of the present study was to (1) 
MATERIALS AND METHODS

Animals and Tissue Preparation
All animal use was approved by the Institutional Animal Care and Use Committee at Western Michigan University and was performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Research Council (USA). Male golden Syrian hamsters (80-150 g, Charles River Laboratories, Wilmington, MA) were euthanized with sodium pentobarbital (>150 mg/kg body weight, ip) or by CO 2 asphyxiation and their right testicles and surrounding cremaster muscles were removed and washed in cold Ca 2+ -free physiological salt solution (PSS: 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, pH 7.4). The tissue was then placed in a water-jacketed dissection chamber maintained at 4
• C, filled with Ca 2+ -free PSS containing 0.1% bovine serum albumin (BSA), sodium nitroprusside (10 µM), and diltiazem (10 µM) . The low Ca 2+ concentration and the vasodilators helped to prevent vasospasm that may occur during dissection.
The cremaster muscle then was dissected from the testicle and pinned to a Sylgard 184 (Dow Corning Corp., Midland, MI) pad on the bottom of the chamber. Second-order arterioles, 1-2 mm long and devoid of side branches, then were isolated by hand dissection with the aid of a stereomicroscope. The vessel segments were excised and transferred to a custombuilt lexan cannulation chamber (0.7 mL) using a Wiretrol pipettor (50-100 µL; Drummond Scientific, Broomall, PA) pretreated with 10% BSA to reduce adhesion of the isolated vessels to the glass barrel of the pipettor. The cannulation chamber was filled with Ca 2+ -free PSS containing 0.1% BSA, diltiazem (10 µM) and sodium nitroprusside (10 µM) at room temperature and its bottom was formed from a No. 1 coverslip.
Arteriole Cannulation
Arterioles were cannulated using glass micropipettes with tip outer diameters of 30-50 µm, filled with PSS containing CaCl 2 (1.8 mM). Micropipettes were formed from glass tubing (borosilicate capillary tubing, Warner Instruments, Hamden, CT) using a pipette-puller and a microforge. The ends of the pipettes were fire polished and bent to a 45
• angle such that when positioned in the chamber, the last 3-5 mm of the pipettes were parallel to the bottom of the chamber. The pipettes were mounted in commercially available pipette holders with side ports (Warner Instruments, Hamden, CT) that allowed pressurization of the pipette lumens. These holders were mounted on small, 3-axis micromanipulators (MT-XYZ, Newport, Irvine, CA) so that the tips of the pipettes could be positioned in the cannulation chamber in 3 dimensions. With the aid of a stereomicroscope, one end of an arteriole was gently pulled onto a pipette tip and secured with 2 strands of 11-0 nylon monofilament (Ashaway Line and Twine, Ashaway, RI), using sharpened #5 Dumont forceps. The pipette lumen was pressurized to 8 cm H 2 O to flush blood from the vessel lumen. The other end of the arteriole then was cannulated and tied in place with a second pair of monofilament knots.
The cannulation chamber was transferred to the stage of an inverted microscope when only diameter or diameter and intracellular Ca 2+ were measured, or to the stage of a Leica DMLFS/A upright microscope equipped with a Gibraltar fixed stage (Burleigh Instruments, Fishers, NY) and a long working distance, electrically isolated, water immersion objective when diameter and membrane potential were
measured. Arterioles were pressurized to 80 cm H 2 O with no flow through their lumens and superfused with room-temperature PSS, and the distance between the 2 pipette tips was adjusted to approximate the in vivo length of the arterioles. The vessels were tested for leaks by closing the stopcock between the vessel and the fluid column and monitoring diameter for several minutes. If a diameter change was noted (indicating a leak in the vessel), the experiment was terminated and a new vessel selected. If no leaks were detected, then the pressure was reduced to 20 cm H 2 O and the bath was slowly warmed to 34
• C with a continuous flow (2 mL/min) of 1.8 mM CaCl 2 -containing PSS. The solution flowed by gravity from a heated bath through heated tubing into the chamber, and bath temperature was monitored by a temperature probe placed near the bath outflow port. Heated solution continually flowed in one end of the chamber and was aspirated from the other end by suction.
Vessels were allowed to reach physiological temperature and equilibrate under no-luminal-flow conditions for 30-60 min at 20 cm H 2 O. The pressure was then increased to 70-80 cm H 2 O and the arterioles allowed to stabilize for an additional 15-30 min. Vessels used in this study all displayed substantial myogenic tone and myogenic reactivity as assessed by the reduction in diameter initiated by the increased lumenal pressure and by their dilation in response to elevated extracellular potassium and other dilators (see Results for more information). Cannulated vessels remained physiologically viable for at least 4-5 h under these conditions. At the end of all experiments, arterioles were superfused with Ca 2+ -free PSS at room temperature so that vessel maximal diameter could be determined.
In a subset of vessels, we damaged/removed endothelial cells by perfusion of the arterioles with an air bubble as has been used by others (8) . After recording control responses, 0.5 mL of air was injected into the tubing connected to the upstream pipette. The stopcock occluding the outflow from the downstream pipette was then opened, allowing the air bubble to perfuse the lumen of the arteriole. After passage of the air bubble, the vessels were allowed to regain tone before being restimulated with 20 mM [K + ] o . If tone was not reestablished, the vessels were briefly exposed to 10 µM norepinephrine. After washout of the norepinephrine, if tone was not reestablished, the experiment was terminated. Efficacy of endothelial cell removal/damage was verified by loss of dilation induced by acetylcholine (see Results).
Measurement of Diameter
Arterioles were transilluminated and visualized using either 20× or 40× long working distance objectives. Images of arterioles were captured by video cameras and the outputs were displayed using Diamtrak software (T.O. Neild, Flinders University, Adelaide, Australia) (24) and associated video capture cards on Windows compatible computers. The Diamtrak systems allowed measurement of vessel diameter at >10 Hz and output continuous analog signals proportional to diameter with an accuracy of ±1-2 µm. The analog signals from the Diamtrak systems were then recorded on computer-based data acquisition systems for later analysis and display.
Measurement of Membrane Potential
Membrane potential of smooth muscle cells in the walls of a subset of arterioles was measured using sharp glass microelectrodes. Electrodes were pulled on a Flaming-Brown-style pipette puller (P-97, Sutter Instruments) from borosilicate glass tubing containing a glass filament (1 mm O.D., World Precision Instruments, Sarasota, FL). The pipettes were filled with 200 mM KCl and had tip resistances of 200-300 M . They were connected to the head-stage of a microelectrode amplifier (Warner Instruments) by a silver wire inserted into the back of the pipette via a Lucite pipette holder. The head-stage and electrode were mounted on a 3-way hydraulic manipulator that, in turn, was mounted on a course mechanical micromanipulator. The reference electrode was a Ag-AgCl pellet placed in the outflow portion of the chamber. The vessels were isolated from the toxic effects of the reference electrode (14) by the unidirectional flow pattern in the chamber. The output of the microelectrode amplifier was recorded simultaneously with diameter signals with the use of a MacLab (ADInstruments, Colorado Springs, CO) data acquisition system. Successful impalements were signified by a rapid development of a negative potential that was stable for at least 15 s and returned to within a few millivolts of baseline upon withdrawal of the electrode from the cell. The baseline potential before impalement and after withdrawal were averaged and used to determine membrane potential.
When membrane potential was measured, arterioles were stretched over a small rectangle of Sylgard glued to the bottom of the chamber to stabilize the vessels and to facilitate cell impalement. To verify that we recorded from smooth muscle cells in some experiments, the tips of pipettes were filled with 200 mM KCl containing 10 mM Alexa Fluor 488. This highly fluorescent dye served as an excellent marker of cell impalement and appeared to label only single smooth muscle cells as others have reported using different dyes (7, 38) . We observed that if we approached the arterioles with the electrode oriented along their long axis, near the edge of the vessel, and were gentle in our insertion, that essentially all impalements were smooth muscle cells. We found it very difficult to impale endothelial cells from this approach unless we inserted the electrode near the midline of the vessel and drove the electrode through the wall of the arteriole and hit the endothelial cells on the opposite side. In a typical experiment, membrane potential was measured in 2-4 cells in the absence and presence of inhibitors and then the results of these multiple impalements were averaged and used as a single value for any given experiment.
Measurement of Changes in Intracellular Calcium
After arterioles were cannulated, warmed, pressurized, and equilibrated, the smooth muscle cell layer was preferentially loaded (23) with 5 µM Fura 2 AM (Molecular Probes, Eugene, OR) in 0.5% dimethyl sulfoxide (DMSO) and 0.1% BSA in PSS for 60 min. After the incubation period, vessels were washed for 30 min to allow for deesterification of the Fura 2 AM. Fura 2 fluorescence from the smooth muscle cell layer was measured using a Ratiomaster microscopebased photometry system, which included a TE300 inverted microscope (Nikon, Tokyo, Japan), a D-104 photometer, and a DeltaRam high-speed multiilluminator and shutter system controlled by FeliX 1.42 software (Photon Technologies, Lawrenceville, NJ) essentially as described previously (3). For fluorescence measurements, emission at 510 nm was sampled at 20 Hz for the excitation wavelengths of 340 and 380 nm.
Arteriolar background fluorescence was measured before vessels were loaded with Fura 2 AM. Background fluorescence was subtracted from fluorescence measurements of Fura 2 loaded arterioles and the ratio of fluorescence emission for 340/380 nm illumination [(F 340 − Background 340 )/ (F 380 − Background 380 ) = R] was calculated and used as an index of [Ca 2+ ] i (9) . We expressed our Fura 2 measurements as ratios and did not convert them to actual [Ca 2+ ] i because of inherent uncertainties in conversion of the ratios to Ca 2+ concentration using an in vitro calibration (36) .
In all experiments, the effect of 20 mM KCl was tested before loading the arteriolar smooth muscle with Fura 2 AM. We found no differences in baseline tone or responses to 20 mM KCl, suggesting that loading the smooth muscle with Fura 2 did not alter tone or responsiveness to 20 mM KCl (data not shown).
Isolation of Single Arteriolar Muscle Cells
Single arteriolar muscle cells were isolated enzymatically as previously described (15) . Second-order arterioles were hand-dissected out of the muscle as described above, cut into lengths of ∼800 µm, and incubated in dissociation solution (DS, Ca 2+ -free PSS containing 0.1% BSA, 10 µM diltiazem, 10 µM sodium nitroprusside) containing 26 U/mL papain and 1 mg/mL dithioerythritol at 37
• C for 35 min. The arteriolar segments then were incubated in 1 mL of DS containing 1.95 U/mL collagenase, 1 mg/mL trypsin inhibitor, and 75 U/mL elastase at 37
• C for 17-22 min. The vessel segments were washed in DS without enzymes and single arteriolar muscle cells were dispersed by gentle trituration of the arteriolar segments with a 1000-µL Eppendorf-style pipette. The cell isolate was placed in a 1.5-mL siliconizedpolypropylene microcentrifuge tube and stored at room temperature for up to 4 h. Aliquots of cells from the isolate were placed in a chamber mounted on the stage of a Nikon Eclipse TE300 inverted microscope with additional detail for each specific set of experiments listed below. During all experiments, flow was maintained through the chamber by gravity from 60-mL reservoirs at a rate of 1-3 mL/min with bath solutions specific for each protocol (see below). All experiments were performed at room temperature (20) (21) (22) (23) (24) (25) • C).
Patch Clamp Methods
Methods are similar to those previously used in this laboratory (12, 15) . Heat-polished, borosilicate patch pipettes (tip resistances = 2-5 M when filled with pipette solution, see below) were placed on the membranes of single arteriolar cells with the aid of an hydraulic micromanipulator. Application of negative pressure to the back of the pipettes yielded high-resistance seals (>10 G ) and the whole-cell configuration was obtained using amphotericin B (240 µg/mL) to perforate the cell-attached patch (29) . Access was observed by monitoring increases in capacitive current induced by 10 mV hyperpolarizing pulses from a holding potential of −60 mV.
The pipette voltage (or current) was controlled and current (or pipette potential) was measured with an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). The amplifier was controlled and signals were acquired by a computer equipped with a Digidata 1200a DMA interface and running p-Clamp or Axoscope software (Axon Instruments, Foster City, CA). Signals were passed through a 4-pole Bessel filter with a cutoff frequency of 1 kHz, digitized at 5 kHz, and stored on the computer's hard disk for later analysis. All whole-cell currents were normalized to cell capacitance estimated by integration of the capacitive transient generated by 10 mV hyperpolarizing pulses (filtered at 5 kHz, sampled at 25 kHz) after electronic cancellation of pipettepatch capacitance. The pipette solution contained 100 mM K-aspartate, 43 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, and 0.5 mM EGTA, pH 7.0, using NaOH.
Currents through K IR channels were recorded using 500 ms ramp protocols, where cells were stepped from a holding potential of −60 to −100 mV and then increased in a linear fashion from −100 to 0 mV over a 500 ms interval. Alternatively, step protocols were employed where cells were held at −60 mV and then stepped, in 10-mV increments, to test potentials from −90 to 0 mV for 400 ms. Average currents recorded during the last 100 ms were used for analysis. Similar results were obtained with both methods. Typically, 3 protocols were performed under each experimental condition, and the results averaged for analysis and display.
Materials
Except as noted, all drugs and chemicals were obtained from Sigma (St. Louis, MO). Elastase was obtained from Calbiochem (San Diego, CA) and BSA was obtained from USB (Amersham, Cleveland, OH). Solutions with elevated [K + ] were made by equimolar substitution of KCl for NaCl. The osmolarity of all solutions was adjusted to 295 mOsm using sucrose as the osmolyte, as needed. Cromakalim and glibenclamide were dissolved in DMSO at a concentration of 10 mM and then diluted in PSS to their final concentrations. Ouabain was dissolved directly in warm PSS at the concentration used.
Statistics
Data are reported as means ± standard errors and n values represent the number of arterioles studied.
Statistical significance was determined using Student's t tests (2 groups) or analysis of variance (more than 2 groups) as appropriate with post hoc analysis performed using the Student-Newman-Keuls test (26) . All comparisons were performed at the 95% confidence level.
RESULTS
Isolated Hamster Cremasteric Arterioles
A total of 111 arterioles were studied. Their maximum diameters were 106 ± 2 µm and all developed substantial resting tone when pressurized: resting diameters were 59 ± 1 µm, 56 ± 1% of their maximal diameters (p < .05 compared to maximum diameters). This tone appeared to be largely dependent on Ca 2+ influx through L-type, voltage-gated Ca 2+ channels as it was eliminated by exposure of the vessels to the Ca 2+ channel blocker diltiazem (10 µM): in 6 arterioles with resting diameters of 71 ± 5 µm, diltiazem (10 µM) dilated the vessels to 106 ± 7 µm, a diameter that was not significantly different from that observed in the absence of external Ca 2+ (113 ± 6 µm, p > .05). In most vessels studied, the dilation induced by elevated [K + ] o was transient: the vessels dilated and then returned, often in a sawtooth fashion, to, or below, their original diameters despite maintained el- Figure 1A ). For all vessels studied, exposure to 20 mM K + dilated arterioles from 58 ± 1 µm to 86 ± 2 µm (n = 105, p < .05, maximum diameter = 106 ± 2 µm). Of the 105 vessels in which 20 mM K + -induced dilation was examined, 87 (83%) displayed transient responses. In the remaining 18 vessels studied (17%), the K + -induced dilation appeared to be well maintained for tens of minutes. The difference in responses did not correlate with the size of vessel studied, but did appear to correlate with different animals. In several instances, 2 vessels isolated from the same animal appeared to have similar responses (transient or sustained). 
Elevated [K + ] o Hyperpolarizes Isolated Cremasteric Arterioles
In a subset of experiments we measured the membrane potential of smooth muscle cells in these cannulated arterioles. We verified that we were recording from vascular muscle cells by using Alexa Fluor 488 to label impaled cells in some experiments ( Figure 2 ). As shown in Figure 3 , elevation of [K + ] o from 5 to 20 mM resulted in membrane hyperpolarization that preceded dilation of the arterioles. Typically, the membrane potential would slowly begin to recover, culminating in spike-like potentials that preceded, and correlated well with the sawtooth pattern of diameter recovery in those vessels that displayed transient responses (Figure 3 ). We found it very difficult to keep electrodes in smooth muscle cells for the entire course of the response. However, we consistently were able to record the initial hyperpolarization since this usually plateaued before much change in diameter.
Because of this problem, as well as the variability of the time of occurrence and the pattern of action potentials, summary data were computed only for the nadir of the initial hyperpolarization. However, as will be subsequently shown, this correlated well with the initial peak dilations that we observed. In 23 arterioles, resting membrane potential was −28 ± 1 mV and hyperpolarized to −38 ± 1 mV (p < .05) when [K + ] o was raised from 5 to 20 mM. This hyperpolarization preceded dilation by 6.3 ± 0.4 s, after which the vessel diameters increased from 58 ± 3 µm to 79 ± 4 µm (p < .05) (see Figure 3) . Membrane potential was recorded in 6 vessels that displayed relatively sustained K + -induced dilation. from 5 to 20 mM induced an initial 22 ± 5% decrease (p < .05) in the Fura 2 fluorescence ratio and a 32 ± 7 µm dilation of the arterioles (resting diameter = 72 ± 4 µm, peak diameter in 20 mM K + = 103 ± 10 µm, p < .05, maximum diameter = 109 ± 11 µm). The decreases in the Fura 2 ratio preceded the dilations by 3.7 ± 0.4 s (n = 4). Continued exposure to 20 mM KCl induced oscillations in the Fura 2 ratio and arteriolar diameter in 3 of 4 experiments ( Figure 4A ). Similar to the initial dilation, these diameter oscillations were always preceded by oscillations in the Fura 2 ratio by approximately 4 s, consistent with the oscillations in diameter being caused by changes in smooth muscle cell [Ca 2+ ] i ( Figure 4B ). In the remaining arteriole, elevation of [K + ] o resulted in a fall in the Fura 2 ratio that remained below baseline while the K + concentration was elevated. of removal of endothelial cells on K + -induced dilation. We found it very difficult to adequately remove endothelial cells from the arterioles while leaving the smooth muscle viable. However, we were able to collect data on 5 vessels. We found that perfusion of these cannulated arterioles with an air bubble had no significant effect on resting diameter: prior to air bubble perfusion diameter was 53 ± 2 µm, dilating to 81 ± 6 µm in response to elevated K + , while after air bubble perfusion resting diameter was 65 ± 2 µm, dilating to 80 ± 2 µm in response to 20 mM K + (max diameter = 99 ± 2 µm). A 2 × 2 factorial analysis of variance indicated no significant effect of air bubble perfusion on resting diameter (p > .05), and the vessels significantly dilated (p < .05) to similar diameters (p > .05) upon exposure to 20 mM K + . In contrast, arteriolar dilation induced by a maximally effective concentration of acetylcholine (5-10 µM) was completely eliminated, indicating complete loss of a functional endothelium: prior to air bubble perfusion, arterioles dilated by 38 ± 3 µm (n = 5, p < .05), after air bubble perfusion the arteriolar diameter change averaged 0.7 ± 0.6 µm (n = 5, p > .05).
Barium Blunts K + -Induced Dilation of Cannulated Arterioles
Superfusion of arterioles with 50 µM Ba 2+ , which has been demonstrated to abolish K + -induced hyperpolarization and dilation in other systems (17, 27, 28, 31, 39) , had no significant effect on resting diameter: control diameter = 55 ± 5 µm, diameter in 50 µM BaCl 2 = 53 ± 5 µm (n = 8, p > .05). However, this K IR channel blocker inhibited K + -induced dilation by 50%: elevation of [K + ] o from 5 to 20 mM resulted in a 24 ± 4 µm dilation under control conditions that was reduced to 12 ± 4 µm during superfusion with 50 µM BaCl 2 (n = 8, p < .05). This inhibition appeared to be selective because dilation induced by acetylcholine (5 µM) was unaffected by Ba 2+ exposure: prior to 50 µM Ba 2+ , arterioles dilated 46 ± 8 µm when exposed to 5 µM acetylcholine; during superfusion with 50 µM Ba 2+ , vessels dilated 46 ± 9 µm (n = 4, p > .05).
Increasing the concentration of BaCl 2 to 100 µM produced no further inhibition of K + -induced dilation ( Figure 5 ), suggesting that these concentrations of Ba 2+ were maximally effective. In the steady state, 100 µM BaCl 2 slightly depolarized arterioles from −30 ± 1 mV to −26 ± 1 mV (n = 7, p < .05) and caused a small decrease in resting arteriolar diameter: prior to Ba 2+ exposure resting diameter was 59 ± 4 µm; during superfusion with 100 µM Ba 2+ , diameter was 51 ± 5 µm (n = 14, p > .05, max diameter = 109 ± 5 µm). Similar to its effect on diameter responses, 100 µM Ba 2+ also blunted the 20 mM K + -induced hyperpolarization ( Figure 5 ). Barium ions (50 or 100 µM) also substantially reduced the duration of the dilator response to elevated [K + ] o , as can be seen in Figure 5A . To quantify this effect, we estimated the time from exposure of the arterioles to 20 mM K + to the time of 50% recovery of baseline diameter after the peak dilation (t 1/2 ). In 20 paired experiments in which this measure could be accurately quantified, we found that exposure to 
Ba
2+ (50 or 100 µM) decreased the t 1/2 to 63 ± 11% of the control value of 319 ± 65 s (p < .05).
Barium ions can also block ATP-sensitive K + (K ATP ) channels (28) . To exclude a role for these channels in the effects of elevated [K + ] o we assessed the effects of glibenclamide, a relatively selective K ATP channel inhibitor (28) . Glibenclamide had no significant effect on resting diameter in this series of experiments: control diameter was 53 ± 4 µm and the diameter in the presence of glibenclamide was 55 ± 6 µm (n = 6, p > .05). Glibenclamide (1 µM) severely reduced dilations induced by the K ATP channel opener cromakalim (10 µM (28)) from 51 ± 7 µm to 10 ± 3 µm (n = 6, p < .05). However, in contrast, glibenclamide (1 µM) had no significant effect on dilations induced by 20 mM K + : prior to exposure to glibenclamide, arterioles dilated 25 ± 3 µm, whereas during glibenclamide superfusion, arterioles dilated 21 ± 4 µm (n = 6, p > .05). (Figure 7 ). Cremasteric arteriolar muscle cells were capable of hyperpolarization as 10 µM cromakalim increased membrane potential from −36 ± 2 mV to −62 ± 2 mV (n = 4, p < .05).
Subsequently, we also studied membrane potential responses in unpressurized arterioles that were simply pinned to the bottom of the recording chamber. We found that in this situation, elevation of [K + ] o from 5 to 20 mM caused only a very small, transient hyperpolarization (−2.2 ± 0.7 mV; n = 9, p < .05) from a resting potential of −45 ± 4 mV that was significantly smaller than the hyperpolarization observed in pressurized arterioles ( p < .05). This small response was always followed by a steady depolarization of 13 ± 2 mV in contrast to the spike activity that was observed in pressurized vessels. 
Ouabain Inhibits K + -Induced Dilation
To assess the role played by the Na + /K + -ATPase in K + -induced dilation, we examined the effects of ouabain on responses elicited by 20 mM K + . Superfusion of cannulated arterioles with a high concentration of ouabain (1 mM) (as has been used by others (20) ) caused a transient constriction and membrane depolarization that subsided within 20 min (data not shown). In the steady state, this cardiac glycoside had no significant effect on resting diameter or membrane potential. Prior to exposure to 1 mM ouabain, diameters were 60 ± 3 µm, whereas after 20 min exposure to 1 mM ouabain they were 57 ± 3 µm (n = 18, p > .05; max. diameter = 108 ± 4µm). Similarly, membrane potentials under control conditions were −28 ± 2 mV, and were −27 ± 2 mV after 20 min exposure to 1 mM ouabain (n = 4, p > .05). However, ouabain (1 mM) abolished the dilation and hyperpolarization in most experiments (Figure 8 ), often reversing them to constriction and depolarization, respectively ( Figure 8A ). Similar effects were observed with a 10-fold lower concentration of ouabain. As with the higher concentration, ouabain (100 µM) caused a transient constriction and membrane depolarization that subsided after 10-20 min (data not shown). In the steady state, this concentration of ouabain had no significant effect on membrane potential: control membrane potential was −28 ± 1 mV, whereas membrane potential during superfusion with 100 µM ouabain was −26 ± 1 mV (n = 6, p > .05).
Similarly, ouabain had no significant effect on steady-state resting arteriolar diameter: prior to ouabain exposure resting diameter was 60 ± 3 µm, during superfusion with 100 µM ouabain, diameter was 62 ± 3 µm (n = 19, p > .5, max diameter = 109 ± 5 µm). However, in the mean, this cardiac glycoside essentially eliminated reactivity to elevated (Figure 8 ): both the hyperpolarization and the dilation were severely attenuated and not significantly different from zero.
Despite this overall average abolition, there were instances where ouabain only blunted the K + -induced dilation at both concentrations. In 11 of 18 experiments, 1 mM ouabain inhibited dilation by greater than 90% (4 experiments) or reversed the K + -induced dilation to constriction (7 experiments) (mean %inhibition = 106 ± 3%). In the remaining 7 vessels, this high concentration of ouabain only attenuated the response by In the presence of ouabain, dilation and hyperpolarization were reversed to constriction and depolarization. (B) Summary of the peak responses in the absence (control) and presence of either 1 or 100 µM ouabain. Data are means ± SE (n = 18 for diameter and n = 4 for membrane potential for 1 mM ouabain; n = 19 for diameter and n = 6 for membrane potential for 100 µM ouabain).
* Significantly different from control and not significantly different from zero, p < .05.
43 ± 14%. Similar results were observed when a lower concentration of ouabain was used. In 14 of 19 experiments, 100 µM ouabain severely inhibited dilation when [K + ] o was elevated from 5 to 20 mM (>88% inhibition in 3 cases, and reversed the responses to constriction in the remaining 11 arterioles − mean %inhibition = 134 ± 12%). However, in the remaining 5 experiments, K + -induced dilation was inhibited by only 26 ± 10%. In one of these latter experiments, Ba 2+ (100 µM) was
combined with ouabain and this combination reversed both the ouabain-insensitive component of the hyperpolarization and dilation induced by elevated [K + ] o to frank depolarization and vasoconstriction. Of the 12 arterioles with ouabain-insensitive responses, 3 showed sustained K + -induced dilation (in the absence or presence of ouabain). In the remaining 9 vessels, ouabain converted transient responses into more sustained dilations. In 7 additional experiments, the effects of combination of 1 mM ouabain and 100 µM BaCl 2 were assessed. Control arteriolar diameters were 53 ± 6 µm (maximum = 100 ± 6 µm) and the vessels dilated to 85 ± 5 µm when [K + ] o was elevated to 20 mM. Twenty minutes of exposure to the combination of ouabain and BaCl 2 resulted in arteriolar constriction to 36 ± 6 µm ( p < .05) and near abolition of K + -induced dilation (1.6 ± 0.5 µm) in all experiments. The inhibitory effects of 100 µM ouabain appeared to be selective, because dilation induced by acetylcholine was unaffected by this inhibitor: prior to ouabain exposure, arterioles dilated 35 ± 3 µm in response to 5 µM acetylcholine, whereas during superfusion with 100 µM ouabain, arterioles dilated 32 ± 5 µm (n = 4, p > .05).
Substitution of Na
+ with Li + Inhibits K + -Induced Dilation
The Na + /K + -ATPase can also be inhibited by removal of extracellular Na + (2). Therefore, experiments were performed in LiCl-PSS in which all of the NaCl was replaced by LiCl, and pH was adjusted with LiOH. Superfusion of arterioles with this solution caused transient hyperpolarization and dilation that faded within 10-20 min of exposure, culminating in depolarization of the resting potential and a trend toward vasoconstriction. Prior to exposure to LiCl-PSS, resting membrane potential was −25 ± 2 mV. After waning of the initial hyperpolarization, membrane potential depolarized to −17 ± 1 mV (n = 5, p < .05, compared to control). In the steady state, arteriolar diameters were not significantly different from control during LiCl superfusion, although there was a tendency toward vasoconstriction: diameters were 51 ± 5 µm during control conditions, and stabilized at 45 ± 3 µm during LiCl-PSS superfusion (n = 5, p > .05). Exposure to LiCl also tended to make membrane potential oscillatory even in 5 mM K + as membrane potential oscillations appeared during LiCl superfusion in all 5 experiments. Replacement of Na + with Li + converted 20 mM K + -induced hyperpolarization and dilation into depolarization and constriction, respectively ( Figure 9 ). This inhibition appeared to be selective because dilation induced by acetylcholine (50 nmol applied as a bolus) was not significantly affected: the control dilation was 23 ± 4 µm, while during LiCl-PSS the dilation was 19 ± 4 µm (n = 5, p > .05).
DISCUSSION
The purpose of the present investigation was to evaluate the mechanism by which elevated [K + ] o causes dilation of skeletal muscle arterioles. This was accomplished by studying the responses of isolated, cannulated, pressurized segments of hamster cremasteric arterioles. As studies in the literature suggested that K IR channels (17, 19, 27, 28, 31, 39) (10, 16, 17, 19, 20, 27, 28, 31, 35, 39) . However, in contrast to findings in small cerebral and coronary arteries (17) , K + -induced dilation of cremasteric arterioles was often transient. These data are consistent with in vivo, microcirculatory studies of hamster (4) and rat (20) cremasteric arterioles and earlier whole-muscle studies (10, 16, 35 • C. While a small, transient-2 mV hyperpolarization was observed, this was significantly smaller than the consistent −10 mV response seen in pressurized vessels ( p < .05). Thus, substantial K + -induced hyperpolarization appears to require significant smooth muscle tone. We did not examine whether this was specific to pressureinduced tone, as that was beyond the scope of the present study. Nonetheless, our data suggest that caution must be observed when extrapolating between experiments in which conditions are not identical. These data also support our hypothesis that the mechanisms responsible for K + -induced hyperpolarization and dilation may be modulated.
Exposure of cremasteric arterioles to Ba 2+ caused a sustained depolarization and a small increase in tone. We cannot completely rule out nonspecific effects due to this depolarization and constriction. However, dilation induced by acetylcholine was not inhibited by Ba 2+ , suggesting that the effects of the blocker were selective. Therefore, we conclude that K IR channels may contribute to a portion of the response to elevated [ (10, 11) . This is consistent with the transient dilation and hyperpolarization that we observed and inhibition of the electrophysiological and mechanical effects of elevated [K + ] o by both ouabain and replacement of Na + by Li + . We also observed in 3 of the 12 experiments where ouabain had little effect that the K + -induced dilation was sustained. In the remaining 9 experiments, the transient responses to K + were converted into more sustained responses in the presence of ouabain. These data support the hypothesis that K + -induced activation of the Na + /K + ATPase contributes to the transient nature of hyperpolarization and vasodilation that we observed. However, additional mechanisms also may be involved. Potassiuminduced hyperpolarization and vasodilation were sustained in all 5 experiments in which LiCl abolished these responses. These data suggest that there may be other factors that contribute to the transient nature of the K + -induced responses in skeletal muscle arterioles. Alternatively, Li + may have other effects in addition to inhibiting the Na + /K + ATPase.
Activation of K IR channels should lead to a sustained hyperpolarization, and hence dilation, as has been reported by others (17, 27, 31) . Consistent with this hypothesis, we found that Ba 2+ significantly reduced the duration of responses to elevated K + . We found that Ba 2+ decreased the t 1/2 for diameter recovery in 20 experiments by 37%. Furthermore, in 6 vessels that displayed sustained dilation when [K + ] o was elevated, Ba 2+ converted these to transient responses. In addition, in one experiment in which ouabaininsensitive sustained hyperpolarization and dilation were observed, addition of Ba 2+ eliminated these responses. These data suggest that K IR channels, in part, may be responsible for the sustained component of K + -induced hyperpolarization and dilation.
We did not examine, in detail, the ionic basis of the membrane potential spikes that followed the initial hyperpolarization during exposure to elevated [K + ] o . However, there appeared to be a strong Ca 2+ component to these spikes, as Ca 2+ transients often were observed in Fura 2-loaded arterioles. These Ca 2+ transients preceded, and were well correlated with, oscillatory decreases in arteriolar diameter (see Results). Most likely the membrane potential spikes and Ca 2+ transients involved activation of L-type voltage-gated Ca 2+ channels that are the dominant voltage-gated channels conducting inward current in these cells (3) , in a fashion similar to that proposed by Bartlett et al. (1) to explain arteriolar vasomotion.
There is cellular communication between vascular smooth muscle and endothelium. Endothelial cells have been shown to respond to different stimuli and to cause relaxation of smooth muscle by releasing vasodilating factors such as prostacyclin and nitric oxide (21, 37) . In addition, endothelial cells may be electrically coupled to smooth muscle cells by myoendothelial gap junctions (33) and endothelial cells have inward rectifier potassium channels (25) . Therefore, we assessed the role played by the endothelium in the dilator response to elevated [K + ] o . Removal of the endothelium by air-bubble perfusion, verified by loss of reactivity to acetylcholine, did not eliminate K + -induced dilation in the present study. These data indicate that K + -induced dilation of skeletal muscle arterioles does not require the presence of a functional endothelium and are consistent with observations in other systems (17) . We cannot exclude the possibility that a functional endothelium may contribute to, or modulate the arteriolar response to elevated [K + ] o . However, our data indicate that arteriolar muscle cells can respond independently to this stimulus.
We found that K + -induced dilation was preceded by membrane hyperpolarization and a fall in [Ca 2+ ] i , respectively, and that voltage-gated Ca 2+ channels substantially contribute to resting tone in cremasteric arterioles in vitro. These data strongly support the hypothesis that K + -induced dilation is mediated by membrane hyperpolarization (5, 10, 11, 17) , closure of voltage-gated Ca 2+ channels (13) , and a fall in [Ca 2+ ] i .
We propose that K + -induced dilation of cremasteric arterioles involves activation of both K IR channels and the Na + /K + ATPase. Supporting this hypothesis, we found that consistent inhibition of vasodilation induced by elevated [K + ] o required exposure K + -Induced arteriolar dilation 292 WR Burns et al.
to both ouabain and Ba 2+ . Similar conclusions have been drawn in rat cerebral arteries (22) and rat hepatic arteries (6) . Our studies may also resolve the differences between the findings of Lombard and Stekiel (20) supporting a role for the Na + /K + ATPase in rat cremasteric arterioles, and Loeb et al. (19) , who suggest that K IR channels are involved in the same tissue. In both studies, inhibition of K + -induced dilation by ouabain (20) or Ba 2+ (19) was only partial. Thus, dual mechanisms, as we propose in the present study, may have been involved. We hypothesize that initiation of the hyperpolarization and dilation depends on the Na + /K + ATPase because both ouabain and LiCl effectively eliminated responses to elevated K + in the majority (84%) of experiments. Activation of K IR channels may play a more supportive or modulatory role, impacting primarily the duration and kinetics of the response to elevated [K + ] o .
